The non-specific phospholipase C (NPC) is a new member of the plant phospholipase family that reacts to abiotic environmental stresses, such as phosphate deficiency, high salinity, heat and aluminium toxicity, and is involved in root development, silicon distribution and brassinolide signalling. Six NPC genes (NPC1-NPC6) are found in the Arabidopsis genome. The NPC2 isoform has not been experimentally characterized so far.
INTRODUCTION
Phospholipases are the key components of the plant phospholipid signalling network, which regulates numerous physiological processes as well as responses to biotic and abiotic stress factors. The phospholipid signalling network includes, among others, phospholipid-metabolizing enzymes phospholipase C (PLC), phospholipase D (PLD), and phospholipases A 1 and A 2 . PLCs cleave membrane phospholipids, releasing water-soluble phosphorylated headgroups and diacylglycerol (DAG). PLCs can be generally grouped according to substrate specificity into phosphatidylinositol-specific phospholipases C (PI-PLCs) and phosphatidylcholine-specific phospholipases C (PC-PLCs). PC-PLCs, which are also referred to in plants as non-specific PLCs (NPCs), are characterized by broader substrate ranges that include the most abundant membrane lipid phosphatidylcholine (PC). In addition to their signalling functions, phospholipases also play a role in lipid metabolism.
Based on sequence similarity with bacterial PC-PLC, six NPC genes (NPC1-NPC6) were identified in the Arabidopsis genome. Later, NPC genes were found in rice (Singh et al., 2013) and cotton (Zhang et al., 2017) . NPC1 was localized to secretory pathway compartments in Arabidopsis roots (Krčková et al., 2015) . NPC4 was found to be a plasma membrane-bound protein (Nakamura et al., 2005; Gaude et al., 2008; Peters et al., 2014; . NPC5 is a cytosolic enzyme expressed only in floral organs under some physiological conditions (Gaude et al., 2008; Peters et al., 2010; Wimalasekera et al., 2010) . NPC1, NPC4 and NPC5 hydrolyse PC (Gaude et al., 2008; Krčková et al., 2015) . Reddy et al. (2010) described NPC3 as an enzyme that has lysophosphatidic acid phosphatase activity instead of PLC activity. NPC2 and NPC6, which have not been experimentally characterized so far, are reported to contain putative N-terminal signal peptides and are predicted to localize to endomembranes and specific organelles (Pokotylo et al., 2013) .
Recent research has revealed important roles for Arabidopsis NPCs as mediators of plant metabolism in relation to phospholipid-to-galactosyl DAG exchange (Andersson et al., 2005; Nakamura et al., 2005; Gaude et al., 2008; Tjellström et al., 2008) , in growth and development related to hormone signalling (Peters et al., 2010; Wimalasekera et al., 2010) and in stress responses to changing environmental conditions (Scherer et al., 2002; Pejchar et al., 2010 Kocourková et al., 2011; Peters et al., 2014; Krčková et al., 2015; . OsNPC1 was found to modulate silicon distribution and secondary cell-wall deposition in rice nodes and grains (Cao et al., 2016) .
Plants, as sessile organisms, have evolved sophisticated and wide-ranging strategies to survive biotic stresses imposed by pathogens. Plants do not possess dedicated immune cells and, in the case of infection, rely on cell-autonomous events (Spoel and Dong, 2012) . As a first line of passive defence, plants make use of mechanical barriers and constitutive production of antimicrobial secondary metabolites. However, upon contact with a pathogen, plants can promptly react and activate inducible defence mechanisms. Plants sense pathogen attack via conserved extracellular chemical structures, which include microbe-associated molecular pattern (MAMPs; e.g. lipopolysaccharides, flagellin and chitin) and damage-associated molecular patterns (components of breached cells) that stimulate MAMP-triggered immunity (PTI). In addition, specialized effector molecules, which are commonly secreted by pathogens into a host cell to suppress PTI, can also be sensed by plants and elicit the activation of effector-triggered immunity (ETI). Activation of both PTI and ETI is followed by production of reactive oxygen species (ROS; Senthil-Kumar and Mysore, 2013) . PTI triggers ROS production, which typically occurs within minutes, whereas ETI is usually followed by a sustained production of ROS that is associated with the establishment of the hypersensitive response (HR; Torres, 2010) . It has been shown that various isoforms of phospholipase D are involved in regulation of ROS production during plant-microbe interactions (Zhao, 2015) .
Phospholipases are known to participate in plant defence reactions (Viehweger et al., 2006; Vossen et al., 2010; Janda et al., 2013; Zhao et al., 2013) . Phospholipase D is involved in the signalling of the defence-related hormones salicylic acid (SA; Janda et al., 2015; Krinke et al., 2009) and jasmonic acid (JA; Wang et al., 2000) by altering cell lipid metabolism, leading to the production of signalling molecules. Phospholipases have been shown to be associated with the establishment of systemic acquired resistance and induced systemic resistance responses (Profotová et al., 2006) . The addition of neomycin, which binds PI-PLC substrates, e.g. phosphatidylinositol phosphates, blocks the development of the HR in Arabidopsis plants expressing the bacterial AvrRpm1 effector (Andersson et al., 2006) . In contrast, the expression of some phospholipases seems to favour the propagation of infection, as was shown for patatin-like phospholipase 2 (PLP2) from Arabidopsis (La Camera et al., 2005) . The suppression of OsPLDβ1 from rice also granted resistance to Pyricularia grisea and Xanthomonas oryzae pv. oryzae (Yamaguchi et al., 2009) . Recently, it was shown that PLDβ1 also plays both positive and negative roles in the defence responses of Arabidopsis. PLDβ1-deficient plants were characterized by enhanced resistance towards biotrophic Pseudomonas syringae and induced expression of SA-dependent genes upon infection. At the same time, these mutants were more susceptible to the necrotrophic fungus Botrytis cinerea and accumulated less JA (Zhao et al., 2013) . A rapid decrease in the NPC-dependent production of DAG in tobacco VBI-0 cells was found after treatment with the elicitor cryptogein from Phytophthora cryptogea (Scherer et al., 2002) . These results indicate a divergent role for phospholipases in plant resistance.
In this study, we present the initial characterization and tissue-specific and intracellular localization of Arabidopsis NPC2. In addition, analysis of expression and enzyme activity levels demonstrate the involvement of NPC2 in the response to P. syringae attack and biotic stress-associated stimuli.
MATERIALS AND METHODS

Plant materials
Arabidopsis thaliana Columbia (Col-0) seeds were obtained from Lehle seeds (Round Rock, TX, USA) and used as wildtype controls. T-DNA insertion line npc2 (SALK_018011, SIGNAL collection; Alonso, 2003) was used in the experiments. T-DNA insertion was confirmed by PCR, using left border primer LBb1 5′-GCGTGGACCGCTTGCTGCAACT-3′ and oligonucleotides 5′-TTCAACAAGCATATTCCGAGG-3′, 5′-GAGGGTGTCCATGTAACGTTG-3′. All PCRs were performed with PPP Master Mix (Top-Bio, Prague, Czech Republic). Several Wave lines were purchased from NASC (http://arabidopsis.info/), and the presence of the mCherrylabelled marker in their genome was verified as described previously (Geldner et al., 2009) . Wave_127R line (NASC ID: N781684), encoding MEMB12 (At5g50440) fused with mCherry, was then crossed with the 35S::NPC2:GFP line, and the F 1 generation was observed.
Plants overexpressing NPC2 were prepared as follows. NPC2 was amplified from Arabidopsis Col-0 cDNA using specific primers (forward 5′-CGAGTCGACAATGTCT ATT AAAGCATTTGCTTT-3′, reverse 5′-TATGCGGCCGCTTTTAA GGTCTTCTTCCGGTG-3′), cloned into the pENTR3C entry vector (Invitrogen, Carlsbad, CA, USA) and recombined by the LR reaction into the Gateway binary vector pGWB2 (Nakagawa et al., 2007) under the control of the CaMV 35S promoter. pNPC2:GUS plants were prepared as follows. The putative NPC2 promoter (whole intergenic region -an approx. 550-bp genomic sequence upstream of the start codon of NPC2) was amplified from Arabidopsis Col-0 genomic DNA using specific primers (forward 5′-CCAGTCGACTATTTGTGCT AATCTTTTTTACCTTCA-3′, reverse 5′-TATGCGGCCG CTTTGTT TTGGGGGAATGGTAG-3′), cloned into the pEN-TR3C entry vector (Invitrogen) and recombined by the LR reaction into the Gateway binary vector pKGWFS7 (Karimi et al., 2002) . Final constructs were transferred into Agrobacterium tumefaciens strain GV2260, and Arabidopsis Col-0 wild-type plants were transformed by the floral dip method (Clough and Bent, 1998 (Grant et al., 1995) , rpm1.3 rps2-101C (Mindrinos et al., 1994) ] were infiltrated into leaves with a needleless syringe. To determine number of bacteria, four leaf discs (diameter 0.7 mm) were ground, and the bacteria number was counted in serial 1: 10 dilutions.
Cloning
The cDNA of NPC2 (At2g26870) was amplified from Arabidopsis using specific primers (5′-GCGCTCGAGTTAAGGT CTTCTTCCGGTG-3′ and 5′-GCCGATATCATGACAAGTC CGATCAAAACCA-3′). The PCR product was digested with XhoI and EcoRV, and directly ligated in-frame into the expression vector pET-30a(+) (pET30; Novagen) with a 6xHis tag. The presence and sequence of the gene in the resulting plasmid was confirmed by sequencing.
Protein production
The construct coding for the fusion protein was transformed into Escherichia coli strain ArcticExpress (DE3) cells. The expression of recombinant protein was induced by adding 0.1 mm isopropyl β-thio-galactopyranoside when the OD 600 of culture reached approx. 0.4. The production lasted for 24 h at 13 °C and 120 rpm.
The cells were harvested by centrifugation (5000 g, 10 min), re-suspended in lysis buffer (50 mm NaH 2 PO 4 , 300 mm NaCl, 30 mm imidazol) and sonicated after 10 min treatment with lysozyme (1 mg mL −1 ). The lysed cell suspension was centrifuged (10 000 g, 10 min), and the supernatant was purified on Ni-NTA agarose (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions, desalted on a PD-10 column (GE Healthcare, Little Chalfont, UK) using desalting buffer [50 mm 2-(N-morpholino)ethanesulfonic acid (MES), 300 mm NaCl] and concentrated with Vivaspin ultrafiltration spin columns (Sartorius Stedim, Göttingen, Germany). Purified protein was used for the enzyme activity assays.
NPC activity assay in vitro
Arabidopsis proteins NPC2, NPC4 and empty vector pET30 as a control were expressed in E. coli and their enzyme activities were measured in vitro. Protein concentration was determined by the method of Bradford (1976) . The substrate solution contained 0.66 µg of fluorescent phosphatidylcholine (bodipy-PC, D-3771, Invitrogen), 3.57 µg of 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (850355C, Avanti Polar Lipids, Alabaster, AL, USA) and 0.0625 µg of sodium deoxycholate (302-95-4, MP Biomedicals, USA) in 25 µL of MES buffer (200 mm, pH 6.5). This substrate solution was gently mixed for 30 min at room temperature and then sonicated for 10 min. The reaction was initiated by mixing of 75 µL of protein sample (total protein amount 20 µg) with 25 µL of substrate solution. The reaction proceeded for 4 h at 16 °C with shaking at 300 rpm. Lipids were extracted, and DAG, the product of NPC activity, was quantified according to Pejchar et al. (2013) with some modifications. The enzyme reaction was stopped by the addition of 400 µL of cold methanol/chloroform (2: 1, v/v). After 30 min, 200 µL KCl (0.1 m) was added to the stopped reaction mixture and mixed again. The lower phase (110 µL) was evaporated and re-dissolved in 50 µL of ethanol. Samples were analysed by high-performance thin layer chromatography (HP-TLC) on silica gel-60 plates (Merck KGaA, Darmstadt, Germany). Plates were developed in a mobile phase of methanol/chloroform/water (25: 65: 4, by vol.), dried and visualized using a Fuji FLA-7000 fluorescence scanner (Fujifilm, Tokyo, Japan). The identification of the lipid spots corresponding to bodipy-lipid was based on a comparison with the bodipy-lipid standards .
Histochemical β-glucuronidase (GUS) staining
The histochemical GUS assay (Jefferson et al., 1987) was carried out on plants grown on agar plates (7-, 10-, 14-d-old seedlings) and in Jiffy peat soil pellets (5-week-old plants). The seedlings and plant parts were immersed in X-Gluc buffer [2 mm X-Gluc, 50 mm NaPO 4 , pH 7, 0.5 % (v/v) Triton-X, 0.5 mm K-ferricyanide] for 16 h at 37 °C. Chlorophyll was removed by repeated washing in 80 % (v/v) ethanol. Observations were made on a Nikon SMZ 1500 zoom stereoscopic microscope coupled to a Nikon DS-5M digital camera.
Confocal microscopy
For microscopic observations, 5-d-old seedlings grown on vertical 1 % agar plates (Duchefa, Amsterdam, the Netherlands; pH 5.8) containing ½ Murashige-Skoog (MS) salt and 1 % sucrose were used. Plasma membrane labelling was performed by incubating the seedlings in ½ MS + 1 % sucrose liquid medium containing 2 μm FM4-64 [N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl) hexatrienyl) pyridinium dibromide] on ice for 5 min. For endosome labelling, seedlings were incubated in the same medium at room temperature for 10 min.
Seedlings were then mounted in ½ MS + 1 % sucrose liquid medium on microslides and observed using a 63× objective (Plan-Apochromat NA = 1.4, oil immersion; Zeiss, Oberkochen, Germany) on a Zeiss 880 laser scanning confocal microscope. For GFP fluorescence acquisition, 488 nm laser excitation was used and 493-540 nm emission was collected. For FM4-64 and mCherry excitation, a 561-nm laser was used. Emission was collected within 605-700 or 595-670 nm for FM4-64 and mCherry, respectively. For co-localization imaging, the two channels were collected simultaneously to avoid changes of puncta positions during delays in single channel acquisition. The signals were well separated, having been checked in single-label specimens where no bleed-through was detected between channels when the above-described emission detection settings were applied.
Microarray expression data collection and processing
The NPC2 microarray expression data were obtained using the Genevestigator interface (Hruz et al., 2008) . Data demonstrating NPC2 expression changes were monitored at the P < 0.05 significance level in the A. thaliana Columbia (Col-0) genetic background. The experimental conditions that induced NPC2 expression changes that were more than 1.5-fold (either upregulation or downregulation) were noted and reproduced as a graphical figure. The descriptions of the experimental conditionsused for microarrays are provided in the Supplementary Data (Table S1 ).
Quantitative RT-PCR
For expression analyses, 4-5-week-old plants at the rosette leaf stage were used. Bacterial suspensions (10 6 , 10 7 , 10 8 or 10 9 cfu mL −1 ), 1 μm flg22 (22-amino acid peptide from N-terminal part of flagellin, GenScript, Piscataway, NJ, USA, cat. no. RP19986), 500 μm SA, 50 μm methyljasmonic acid (MeJA) and 5 mm 1-aminocyclopropane-1-carboxylic acid (ACC), or water were infiltrated to the leaves. Leaf samples were collected at the indicated time points (1, 3, 6, 12, 24 or 36 h) after infiltration. The expression of each gene in water-infiltrated controls at the respective times was set to 1. AvrRpm1 expression in plants was induced by spraying plants with 20 µm dexamethasone containing 0.005 % Silwet L-77. Samples were collected 16 h after induction. The expression of NPC2 in 0.005 % Silwet L-77-sprayed controls at the respective times was set to 1. The leaf samples were immediately frozen in liquid nitrogen. RNA was isolated using a Spectrum Plant Total RNA Kit (SigmaAldrich, St Louis, MO, USA), a Turbo DNA-free Kit (Applied Biosystems) was used for DNA removal, and a Transcriptor High Fidelity cDNA Synthesis Kit (Roche, Indianapolis, IN, USA) was used for cDNA synthesis. The reverse transcription reaction was primed with anchored-oligo(DT)18 primers. qRT-PCR was performed with a LightCycler480 system (Roche) using the LightCycler480 SYBR Green I Master (Roche). NPC2 expression was detected with primers 5′-TCTC CGAGTTCGCTGTTTTC-3′ and 5′-TGACGTCCCTGAGTG TACAAA-3′. SAND (At2g28390) was used as a reference gene for the normalization of target gene expression (5′-GGA TTTTCAGCTACTCTT CAAGCTA-3′, 5′-CTGCCTTGACTA AGTTGACACG-3′; Czechowski et al., 2005) . The fold change in the expression of the target gene was calculated according to Pfaffl et al. (2001) . Transcripts of other NPC isoforms were detected according to Kocourková et al. (2011) .
Preparation of protoplasts
Protoplasts from Arabidopsis leaves were prepared according to the methods of Wu et al. (2009) from 5-week-old plants. Briefly, the peeled leaves were incubated in enzyme solution [1 % cellulase Onozuka R10, 0.25 % macerozyme Onozuka R10 (both Yakult, Japan), 0.1 % bovine serum albumin, 0.4 m mannitol, 10 mm CaCl 2 , 20 mm KCl, 20 mm MES, pH 5.7) for 1 h with gentle shaking at 40 rpm. Protoplasts were centrifuged at 100 g for 3 min and washed twice with 25 mL modified W5 solution (154 mm NaCl, 125 mm CaCl 2 , 5 mm glucose, 5 mm KCl, 2 mm MES, pH 5.7). Protoplasts were then counted, diluted to the desired concentration in W5 solution and incubated for 1 h at room temperature prior to the experiment.
NPC activity in Arabidopsis protoplasts
Isolated protoplasts in modified W5 solution were used at a final concentration of approx. 3 × 10 3 protoplasts mL −1 . Protoplasts in a final volume of 1 mL were treated on an orbital shaker (125 rpm ). Protoplasts were labelled with 0.66 µg mL −1 of bodipy-PC 30 min before the end of treatment. Lipids were extracted, and DAG was quantified according to the methods of Pejchar et al. (2013) . Briefly, the enzyme reaction was stopped, and lipids were extracted by the addition of 4 mL of cold methanol/chloroform (2: 1, v/v). Extracted lipids were applied on HP-TLC silica gel-60 plates and analysed as described above.
Measurement of ROS production
ROS production was determined by the luminol-based assay as described with modifications (de Jonge et al., 2010; Sasek et al., 2014) . Discs, 3 mm in diameter, were cut from the fully developed leaves (two discs per leaf) of 4-week-old Arabidopsis plants (three leaves per plant). Discs were incubated in 96-well plates in 150 µL distilled water for 16 h. The distilled water was replaced with 200 µL of reaction solution containing 17 µg mL −1 of luminol, 10 μg mL −1 of horseradish peroxidase (Sigma, P-8125) and 100 nm flg22. The measurement was performed with a luminometer immediately after adding the flg22 (Tecan infinite F200) for a period of 30 min.
RESULTS
AtNPC2 encodes a PLC that hydrolyses phosphatidylcholine
To uncover whether the NPC2 gene encodes a functional phospholipase, NPC2 protein was expressed in E. coli and purified using His-tag. Recombinant NPC2 was prepared by inserting AtNPC2 cDNA into the expression vector pET30. The cleavage site between the signal peptide and the coding region was identified using SignalP 4.1, and the signal sequence was removed. Removal of signal sequence was essential for enzyme activity of recombinant NPC2. Sufficient production of soluble NPC2 was obtained using E. coli ArcticExpress (DE3) cells, which can grow at low temperatures. Protein was purified on Ni-NTA agarose, desalted to remove imidazole and concentrated. The purification process was monitored by Western blot using antiHis-tag antibodies. We also prepared recombinant NPC4, the cloning, production and activity of which has been described (Nakamura et al., 2005) . NPC4 served as a positive control of our purification process as well as phospholipase activity measurement. Protein bands detected with the antibody corresponding to the size of NPC2 (60 kDa) and NPC4 (65 kDa) were identified. The empty vector pET30 served as a negative control (Fig. 1A) .
The phospholipase activity of purified proteins was tested using a bodipy-PC as a substrate . Lipids were extracted and separated by HP-TLC, and fluorescently labelled products were detected. The results showed that NPC2 can produce DAG from PC. The expressed NPC4 showed the same activity, whereas the negative control (the empty vector) had no activity (Fig. 1B) . Lysophosphatidylcholine, the product of phospholipase A activity, was detected in NPC samples as well as in a negative control sample, which points to a possible co-purification of phospholipase A.
According to these results, NPC2 was shown to encode a functional phosphatidylcholine-hydrolysing PLC.
Tissue-specific localization of NPC2 transcript
To reveal tissue-specific expression patterns, we prepared Arabidopsis plants stably transformed with putative AtNPC2 promoter:GUS transcriptional fusions and used a histochemical GUS assay. GUS staining of plant organs at several developmental stages revealed that NPC2 was expressed in a wide range of plant organs (Fig. 2) . The intensity of GUS staining was similar throughout seedling development ( Fig. 2A-C) . In adult plants, GUS activity in the inflorescence and siliques was relatively high, similar to seedlings (Fig. 2D-F) . In both young and old leaves of adult plants, GUS activity was weaker than in seedlings (Fig. 2G, H,) . In the root system, expression of pNPC2:GUS was highest at root tips and lateral roots (Fig. 2I, J) . In young leaves, only hydathodes were clearly stained (Fig. 2G ).
NPC2 is localized to Golgi apparatus
To determine the subcellular localization of NPC2, stable transformants of 4-5-d-old Arabidopsis seedlings expressing NPC2:GFP fusion protein under control of the CaMV 35S promotor were used. GFP signal was detected in root tissues, with the highest levels in root epidermis. In these cells, GFP fluorescence was present in the cytoplasm, mainly in the perinuclear and cortical cytoplasm. No co-localization with FM4-64-labelled plasma membrane was found (Fig. 3A-C) . The cytoplasmic GFP signal consisted of fluorescence from aggregated puncta and reticulate structures (Fig. 3D) . The fluorescence levels expressed as greyscale values converted into an RGB heat map and presented in Fig. 3E show that the puncta have relatively high fluorescence, whereas the reticular signal is very weak. We assume that the low signal corresponds to minor NPC2 localization on the endoplasmic reticulum (ER).
To reveal the identity of the punctate signal, we first treated the roots with FM4-64 to label endosomal structures. Endocytosed FM4-64 is known to label endosomes, the trans-Golgi network, prevacuolar compartment and tonoplast (Bolte et al., 2004) . We observed minor co-localization of FM4-64-labelled endosomal structures with NPC2:GFP in root epidermal cells (Fig. 3F-K) .
We then crossed our 35S::NPC2:GFP line with several Wave lines (Geldner et al., 2009 ) expressing mCherry-tagged protein markers for distinct secretion pathway compartments and looked for co-localization in F 1 seedlings. Prominent co-localization was found (Fig. 3L -Q) when crossed with Wave127 expressing MEMB12 specific for cis-Golgi cisternae (Uemura et al., 2004) . Based on these findings, we conclude that NPC2 is present predominantly in the Golgi apparatus (GA) but also possibly (to a minor extent) in other compartments of the secretory pathway, such as ER or some post-Golgi compartments.
Expression of NPC2 in response to stress conditions, hormone treatments, growth conditions and nutrients
Analysis of microarray expression data provides an opportunity to predict a possible functional role of a target gene within selected sets of stimuli. The data were obtained using the Genevestigator platform (Hruz et al., 2008) . The changes in abundance of Arabidopsis NPC2 transcripts following abiotic stress treatments varied significantly depending on the stressor type, duration and plant organ (Fig. 4 ). The expression level of NPC2 was steadily downregulated as a part of Arabidopsis responses to biotic attack. Bacterial or fungal pathogens, insect attack and treatment with harpin elicitor protein (HprZ) downregulated expression of NPC2. Notably, treatment with elicitor peptide 2 (Pep2) resulted in the induction of NPC2 expression. However, unlike most elicitors, Pep2 is not a pathogen-derived molecule but produced in planta as a part of plant defence responses (Yamaguchi et al., 2010) . That is why its mode of action may differ from that of pathogensecreted elicitors. The decrease of NPC2 expression level was similarly observed following SA treatment, whereas no significant changes in NPC2 transcript levels were reported in response to MeJA or ethylene. Based on these facts, the level of NPC2 expression and the specificity of NPC2 downregulation during Arabidopsis response to the biotrophic bacterial pathogen P. syringae were investigated in detail using qRT-PCR.
Expression of NPC2 in response to Psm
Arabidopsis plants were grown for 5 weeks and infiltrated with Psm. Using qRT-PCR, the expression of all members of the NPC gene family was measured in leaves 6 h after infiltration (10 8 cfu mL −1 ). The most pronounced decrease in gene expression was ascribed to NPC2 (Fig. 5A) .
To further investigate the specificity of the expression pattern of NPC2, expression was measured for a shorter time span (1, 3 and 6 h after infiltration). Invariably, elevated suppression of NPC2 expression was observed (Fig. 5B) . Three hours after Psm infiltration (10 8 cfu mL −1 ), the level of NPC2 transcript decreased to 33 % of the untreated control. Suppressed NPC2 expression persisted for a prolonged time span (12, 24 and 36 h after infiltration) as well (Supplementary Data Fig. S1A ). We also investigated whether NPC2 downregulation is dependent on the inoculum dose. A dependency on the bacterial dose used was observed (Fig. S1B) . Notably, a decrease in the level of NPC2 transcripts was observed even when the inoculum concentration was 10 6 cfu mL −1 (Fig. S1B) . Next, we investigated whether incompatible bacteria (Psm AvrRpm1), coronatine-deficient mutant bacteria (PstCOR − ) and bacteria that have an impaired type III secretion system (Pst hrcC − ) have the same effect on NPC2 expression. We did not observe any significant differences in the decrease in NPC2 expression in plants infiltrated with either Psm or Pst wildtypes or with Psm AvrRpm1 or PstCOR − (Fig. S2A ). The reaction of Arabidopsis to Pst hrcC − at the level of NPC2 expression depends on the time of sample collection. At early collection times (3 and 6 h), the NPC2 transcript level did not differ from that of Pst wt-infiltrated plants. However, at a later time (24 h), the level of the NPC2 transcript was restored nearly to the water-infiltrated control levels (Fig. S2B) . Because the Pst hrcC − bacteria are not able to deliver effectors to the plant cell, these results suggest that at a later time, the downregulation of NPC2 expression is a reaction to Pst bacterial effectors. In contrast, early changes in NPC2 expression are likely to be activated by a MAMP-triggered pathway.
NPC2 transcript level decreased during both PTI and ETI
We used flg22 as a tool to specifically study the PTI response in Arabidopsis. We infiltrated 5-week-old Arabidopsis leaves with 1 µm flg22 and determined NPC2 expression at 3, 6 and 24 h (Fig. 6A) . The level of the NPC2 transcript decreased after flg22 infiltration at early time points. Similarly to Pst hrcC − treatment, the level of the NPC2 transcript at 24 h was higher than at 6 h (Fig. 6A) . These results suggest that PTI-induced downregulation of NPC2 expression is transient. 
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To study ETI without interference from the PTI pathway, we used Arabidopsis mutant plants in which expression of the effector molecule AvrRpm1 is controlled by dexamethasoneinducible promoter (Andersson et al., 2006; Kim et al., 2009) . We tested plants expressing AvrRpm1 in the wt Col-0 background (Dex: AvrRpm1 Col 0), in the RPM1 knockout mutant background (Dex: AvrRpm1 rpm1) and in the double mutant rpm1 rps2 background (Dex: AvrRpm1 rpm1 rps2). In wt background plants, the effector protein AvrRpm1 activated both the RPM1 R-protein and RPS2 protein (Belkhadir et al., 2004) . At 16 h after dexamethasone treatment (20 µm), the NPC2 transcript level was extensively reduced in all studied plant variants (Fig. 6B) . The most apparent drop in the NPC2 transcript level was in the case of AvrRpm1-expressing wt plants. This result is consistent with the observed decrease in the NPC2 transcript level when Arabidopsis wt plants were infiltrated with the Psm AvrRpm1 bacteria, causing the ETI response (Fig.  S2A) . NPC2 transcript levels also decreased to a lesser extent (6 % vs. 50 %) in both rpm1 and rpm1 rps2 background plants.
Decrease in NPC2 transcript level is caused by SA and not by MeJA or ACC
Pseudomonas syringae is a biotrophic pathogen that triggers defence responses, including the synthesis of SA (Spoel et al., 2007) . To determine whether SA alone and other phytohormones that are known to be involved in defence responses trigger a decrease in the NPC2 transcript level, we infiltrated Arabidopsis leaves with SA (500 µm), MeJA (50 µm) and ACC (5 mm), which is a precursor of ethylene, and measured NPC2 transcript levels at 3, 6 and 24 h after treatment. The only apparent reduction of NPC2 transcript level was observed in plants treated with SA. MeJA and ACC treatments did not influence the NPC2 transcript level (Fig. 7) . The reduction was rapid and transient. The most obvious drop in the NPC2 transcript level was detected 3 h after infiltration with SA. At 24 h after infiltration, the level of NPC2 transcript was similar to mock-treated plants (Fig. 7) . Expression of the following marker genes of individual hormone pathways was measured to confirm that the hormone treatments had stimulated the appropriate pathway: PR1 (At2g14610) for SA, PDF1.2 (At5g44420) for MeJA and ). The transcript levels of NPC genes were measured at 6 h after treatment by quantitative real-time PCR in leaves of 5-week-old plants. The expression of each gene in water-infiltrated controls was set to 1. SAND was used as a reference gene. The data represent the means ± s.e., n = 4 discrete samples from four biological experiments. (B) Detailed analysis of NPC2 expression. The transcript level of NPC2 was measured at 1, 3 and 6 h (10 8 cfu mL −1 ) after Psm infiltration. The transcript level of the NPC2 gene in water-infiltrated controls at the respective times was set to 1. SAND was used as a reference gene. The data represent the means ± s.e., n = 3 discrete samples from three biological experiments. nd, Not detected; NPC, non-specific phospholipase C. The leaves were sprayed with dexamethasone, and after 16 h transcript levels of the NPC2 gene were measured by quantitative real-time PCR. SAND was used as a reference gene. The expression of each gene in water-infiltrated (A) and sprayed (B) controls was set to 1. The data represent the means ± s.e., n = 3 discrete samples from three biological experiments. NPC2, non-specific phospholipase C2.
ERF1 (At3g23240) for ethylene pathways. The expression of marker genes was significantly upregulated after the corresponding treatments (data not shown).
Based on these results, we conclude that the decrease in the NPC2 transcript level was triggered only by SA. Neither MeJA nor ACC triggered the NPC2 expression response. This result is consistent with the experiment using PstCOR − bacteria. Coronatine is a JA-mimicking substance, and there was no difference in NPC2 expression in plants that were treated with Pst wt and PstCOR − (Fig. S2A) .
Enzyme activity of non-specific PLC is suppressed after flg22 and SA treatments
To determine whether the observed decrease in the NPC2 transcript level is reflected by the level of enzymatic activity, protoplasts from leaves of 5-week-old Arabidopsis plants were treated with flg22 (1 µm) or SA (50 µm) for 1, 3 and 6 h. Protoplasts were used to gain higher reproducibility of the NPC activity measurements. We observed a similar decrease in the NPC2 transcript level after flg22 and SA treatments in protoplasts as Arabidopsis leaves (data not shown). The quantity of bodipy-DAG, the product of NPC activity, remained the same after 1 h of SA and flg22 treatments (Fig. 8) . However, the level of bodipy-DAG decreased to 75 % after 3 h of SA treatment and to 50 % after 3 h of flg22 treatment. The decrease in NPC activity was even greater after 6 h, at 59 % compared to nontreated control in the case of SA and 42 % in the case of flg22 treatment (Fig. 8) . Because the decrease in enzymatic activity lags behind the downregulation of gene expression, we propose that the yet unknown function of NPC2 in biotic stress response is primarily controlled by transcription.
Plants overexpressing NPC2 differ from wild-type plants in ROS production
To investigate the function of NPC2 in response to Psm attack, we used a homozygous Arabidopsis T-DNA npc2 knockout line (SALK 018011) and generated transgenic plants overexpressing NPC2 under control of the 35S promoter. Transgenic plants were selected, and independent homozygous lines were obtained. Six lines, NPC2-OE23, NPC2-OE54, NPC2-OE62, NPC2-OE171, NPC2-OE295 and NPC2-OE325, each with a different level of overexpression from 3.4-to 20.7-fold (Fig. 9A) , were selected for further study. No obvious phenotype differences were detected comparing wild type and the NPC-OE lines grown on either agar plates or soil.
NPC2 knockout and overexpressing lines were dip-inoculated with bacterial suspensions of Pst DC300 or DC3000 HrcC − , 1 × 10 8 cfu mL −1 . After 3 d, or 4 d in the case of DC3000 HrcC − , the bacteria were counted (Katagiri et al., 2002) . No significant differences in bacterial growth were detected between any of the mutant and wt plants (Fig. S3) .
One of the earliest responses of plants to pathogen recognition is the production of ROS. ROS are produced during both PTI and ETI phases of the plant immune response (Torres, 2010) . We investigated ROS production after flg22 treatment in knockout and NPC2-overexpressing lines. ROS production was significantly higher in four of the six investigated NPC2-OE lines (Fig. 9B, C ). All lines with NPC2 expression higher than four-fold compared to wt showed significantly higher ROS production after flg22 treatment. We speculate that higher ROS production is detectable in the lines that express NPC2 above a certain threshold. ROS production of NPC2-overexpressing plants not treated with flg22 was similar to that of untreated wt plants (Fig. 9C) . The npc2 lines did not differ in ROS production from wt plants (data not shown). Arabidopsis protoplasts were prepared as described in the Material and Methods section. Protoplasts were incubated with flg22 (1 µm) or SA (50 µm) for 1, 3 and 6 h. Bodipy-PC was added to the reaction mixture 30 min before the end of the treatment. At the end of the treatment, lipids were extracted, separated by HP-TLC and quantified. The quantity of bodipy-DAG, the product of NPC activity, in control non-treated protoplasts was set to 100 % at each treatment time. The data represent the means ± s.e. from three independent experiments. DAG; diacylglycerol, SA; salicylic acid.
DISCUSSION
NPC2 encodes a protein with PLC activity, is expressed in a wide range of plant organs and predominantly localizes to GA NPC2 belongs to the NPC protein family. NPC1, NPC4 and NPC5 are members of this family that show PLC activity with specificity for major membrane phospholipids, such as PC. Recombinant NPC1, when expressed in E. coli, showed activity toward PC (Krčková et al., 2015) . Recombinant NPC4 cleaved PC and phosphatidylethanolamine, and this activity was not calcium-dependent. With phosphatidic acid (PA) and phosphatidylinositol 4,5-bisphosphate, no activity was detected (Nakamura et al., 2005) . NPC5 was also heterologously expressed in E. coli. This protein cleaves PC and phosphatidylethanolamine to produce DAG. When PLC activity was measured using PC as a substrate, NPC4 showed 40-fold higher activity than NPC5 (Gaude et al., 2008) . It was also shown that other members of this protein family possess different enzyme activities. Heterologously expressed AtNPC3 has lysophosphatidic acid phosphatase activity (Reddy et al., 2010) . We expressed the NPC2 protein in E. coli. Of the six Arabidopsis NPCs, NPC1, NPC2 and NPC6 have putative transit peptides at the N-termini that were predicted to be signal peptides (Nakamura et al., 2005; Pokotylo et al., 2013) . According to Tan et al. (1997) , we removed the signal peptide sequence during preparation of the recombinant protein. An enzyme assay with recombinant NPC2 showed cleavage of PC, producing DAG. Substrate specificity and the biochemical characteristics of NPC2 remain unclear and require further study. Tissue-specific expression patterns revealed GUS staining is consistent with the transcript accumulation pattern obtained from the Genevestigator database (https://genevestigator.com/ gv/doc/intro_plant.jsp) (Hruz et al., 2008) . In contrast, Peters et al. (2010) described very high expression of NPC2 in siliques compared to other tissues.
NPC2 was predicted to localize to the ER based on the presence of a signal sequence (Pokotylo et al., 2013) . In root epidermal cells, we detected weak reticular NPC2:GFP signal, which may in fact correspond with the predicted ER localization. This pattern may on the other hand reflect only the synthesis of the protein on ER while its 'final' localization is in a downstream compartment of the secretory pathway. We observed puncta or aggregated NPC2:GFP signal with higher intensity that co-localized partially with FM4-64-labelled endosomes and to a greater extent with GA cisternae or vesicles marked with MEMB12:mCherry. Because FM4-64 labels the early endosomes or trans Golgi network, trans Golgi cisternae and vesicles, prevacuolar compartment and tonoplast gradually with increasing time of incubation (Bolte et al., 2004; Malinska et al., 2014) and MEMB12 is localized at cis Golgi cisternae and vesicles (Uemura et al., 2004) , we suppose that NPC2 is present in both cis and trans GA and possibly also in the trans Golgi network. The function of NPC2 in GA may be connected to its ability to produce DAG. In plants, less knowledge about DAG function has been revealed so far compared with the situation in animal cells . However, in animal cells, DAG has been shown to be involved in membrane trafficking at the GA (Sarri et al., 2011) , DAG is necessary for the proper development of Golgi vesicles and tubules (Asp et al., 2009) and is required for COPI vesicle formation and retrograde (Golgi apparatus to ER) vesicular transport (FernandezUlibarri et al., 2007) . Alternatively, DAG produced by NPC2 at the GA may be converted by the action of DAG kinases (Peters et al., 2010) to PA, a known potent second messenger molecule in plants. Such functional coupling would probably require close spatial arrangement. Diacylglycerol kinases DGK1 and DGK2 were found to be localized in ER membranes (C) ROS production kinetics. The ROS production kinetics monitored after 40 min in non-treated and 100 nm flg22 treated wt plants and NPC2 overexpressing line 62 plants. The data represent the means ± s.e., n=8 discrete leaf discs. Asterisks denote a significant difference compared to the wt (two-tailed Student's test, n = 4, *P ˂ 0.05, **P ˂ 0.01). (Vaultier et al., 2008) , which are functionally tightly connected with the GA. The localization of other DGK isoforms is not known. However, in animal cells one DGK isoform localizes at the GA (Nakano et al., 2012) . The transcriptional regulation of gene expression is one of the main mechanisms implicated in the guidance of all aspects of plant stress responses. Our qRT-PCR analysis demonstrated that Psm infiltration induced a decrease in the NPC2 transcript level that was rapid, concentration-dependent and steady over a long period (36 h). Not surprisingly, upon encountering a pathogen attack, plants need to quickly rearrange their metabolic fluxes and activate defence systems. This response implies substantial changes to genome expression (Thilmony et al., 2006) . The significant reduction in NPC2 expression after the stimulation of plant defences appears to be specific, and its physiological role is discussed below.
Our results indicate that inhibition of NPC2 expression is specific and can be directly associated with several components of plant defences: PTI, ETI and SA, a hormone involved in the regulation of responses to biotic stress. The plant PTI system can be efficiently stimulated by the elicitor flg22. In our experiments, NPC2 expression was rapidly repressed by flg22. The effect of the ETI interaction on NPC2 expression was tested in two experiments. First, Arabidopsis plants were infiltrated by bacteria that express the AvrRpm1 effector. In another experiment, the AvrRpm1 effector was expressed under an inducible promoter in Arabidopsis plants themselves. In both cases, strong inhibition of NPC2 expression was observed, suggesting that ETI is similarly effective for the downregulation of NPC2 expression. The effector AvrRpm1-induced reduction in NPC2 expression was greater in the wt background compared to rpm1 and rpm1 rps2 backgrounds. This observation is consistent with the findings of Kim et al. (2009) , who demonstrated that AvrRpm1 elicits defence signalling through the Arabidopsis R-proteins RPM1 and RPS2. However, a partial decrease in the NPC2 transcript level was observed in both rpm1 and rpm1 rps2 background plants as well. This result corresponds with the observation of Belkhadir et al. (2004) , who observed that significant disease-like symptoms were induced following the conditional expression of AvrRpm1 in rpm1 rps2 plants. This result may signify that redundant mechanisms are implicated during the ETI response that results in the modification of NPC2 expression.
SA also induced a decrease in the NPC2 transcript level. SA is known to accumulate in infected leaves and to facilitate the activation of many branches of plant defences (Spoel et al., 2007) . NPC2 expression did not react to MeJA or ACC treatments, indicating that the decrease in NPC2 transcript may be an important event in the plant reaction to biotrophic, but not to necrotrophic, pathogens. These data are also consistent with the physiological roles of SA and MeJA hormones in orchestrating antagonistic branches of plant immune responses (Thaler et al., 2012) .
Thus, our results suggest that the downregulation of NPC2 expression is likely to be a result of the activity of multiple plant defence systems. PTI responses are dominant during the early part of the response to biotic stress, whereas ETI signalling is likely to act in concert with an overall increased SA level to downregulate the NPC2 transcript level at later phases of infection.
Overexpression of NPC2 results in overproduction of ROS after flg22 treatment
Our results showed that overexpression of NPC2 led to higher accumulation of ROS after flg22 treatment. Higher activity of NPC2 may result in higher PA content via DAG conversion to PA by DAG kinase (Arisz et al., 2009) . PA is known to promote ROS production by its direct interaction with NADPH oxidase RbohD and RbohF (Zhang et al., 2009) . Whether this mechanism functions during Arabidopsis -P. syringae interaction needs to be investigated in future.
Possible function of NPC during plant-pathogen interactions
The role of NPC2 in defence reactions may be ascribed to the production of DAG and phosphocholine (Pchol) molecules as well as to changes in PC content in the membranes. The role of Pchol, which is produced by NPC, is currently unknown in plants. However, bacteria often stimulate nutrient release into the apoplast and use host-derived precursors (choline) to synthesize PC required for pathogenicity as a part of host mimicry (de Rudder et al., 1999) . Bacteria also use choline as a source of nitrogen and as an osmoprotectant. The addition of choline significantly increases tabtoxin production in P. syringae. More importantly, the activity of phosphocholine phosphatase (conserved in all Pseudomonas species) was also induced, suggesting that the Pchol produced by NPC may be readily used by bacteria during infection (Gallarato et al., 2012; Chen et al., 2013) . These results suggest that the inhibition of NPC2 on the transcriptional level might limit the availability of soluble Pchol for invading bacteria.
DAG is known to be implicated in the regulation of many cell processes . Among these processes are defence-related phytoalexin (Kurosaki et al., 1987) and ROS production (Yamaguchi et al., 2005) . DAG is also known to be converted to PA in plants by DGK (Arisz et al., 2009) . PA itself is a well-known signalling molecule that is typically produced from PLD activity (Kolesnikov et al., 2012; Zhao, 2015) . Therefore, one of the possible explanations for NPC2 downregulation is an effort by the plant cell to preserve the level of metabolically available PC in the membranes as PLD substrate. Thus, membrane properties will remain unaffected even in the case of intense stress-induced PLD activation.
Furthermore, both PA and DAG influence the structure and dynamics of membranes. For example, DAG, when concentrated in small membrane areas, can affect membrane curvature and induce unstable, asymmetric regions in membrane bilayers. These features are essential for membrane fusion and fission processes and may influence membrane rigidity (Carrasco and Mérida, 2007; Haucke and Di Paolo, 2007) . The fact that PA, which may be an indirect product of NPC activity, affects vesicle trafficking-related processes (Hong et al., 2016 ) is of special interest, particularly in view of the fact that NPC2 is localized to the GA.
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